One feature of calcium-activated chloride channels is a strong intrinsic dependence on intracellular calcium ([Cal,) , rather than membrane potential, for channel gating (Evans and Marty, 1986) . In this respect, they are unlike some calcium-activated potassium channels for which intracellular calcium sets the range over which strong voltage-dependent gating occurs (Barrett et al., 1982) . This feature makes calcium-activated chloride channels more like some ligand-gated channels, whose gating depends entirely on the presence of an intracellular messenger (e.g., the cGMP-gated channel of photoreceptors) or a neurotransmitter agonist (e.g., the nicotinic ACh-receptor channel). The dominant dependence of Zclcca, on calcium has been exploited, for example, to study the time course of reduction of [Cal, following step depolarizations that evoke calcium influx (Kom and Horn, 1989) . A steep dependence of calcium-activated chloride tail current on extracellular pH has also been reported in voltage-clamped cone photoreceptors (Barnes and Hille, 1989) . Zclcca, tails, recorded at -40 mV and evoked by depolarizing test steps that opened L-type calcium channels, disappeared when the bath pH was reduced from 7.4 to 7.0 and increased markedly when the bath pH was increased to 7.8. It seemed reasonable that protons (or hydroxyl ions) could interact with the Cl channel and modify its gating behavior and/or permeability. Other Cl channels, insensitive to calcium, exhibit pronounced sensitivity to pH. For example, the chloride conductance of frog skeletal muscle is a steep, sigmoidal function of external pH (Hutter and Warner, 1967) and the weakly voltage-dependent Cl channels of lobster nerve are irreversibly suppressed by acidification of the cytoplasmic solution to pH 6.0 (Lukacs and Moczydlowski, 1990) .
Protons might also influence Ca-activated Cl channel activity via effects on C'u channels. Considerable evidence from a variety of other preparations has shown Ca channels to be sensitive to pH, demonstrated primarily by shifts along the voltage axis of the channel's activation curve, as well as changes in channel conductance (Ohmori and Yoshii, 1977; Iijima et al., 1986; Kaibara and Kameyama, 1988; Krafte and Kass, 1988; Prod'hom et al., 1989) , which might account for the modulation of Zclcc., in cones.
The goal of the present work was to measure the pH dependence of Zclcca, and to determine to what extent modulation of Zclcca, by pH involved pH-dependent changes in the gating and/ or permeation of cone Ca channels and Cl channels. The action of pH is expressed primarily as a change in the time course of chloride tail currents, suggesting either a gating modification intrinsic to the Cl channel or gating changes due to alterations of [Cal, underlaid by Ca channel modifications. We show that cone Ca channels are sensitive to pH (as are other Ca channels) and argue that this alone could account for most of the observed effects of pH on cone Zclcc,,.
A preliminary report of these findings has been published previously (Barnes and Bui, 1990 ).
Materials and Methods
Isolation ofcones. Larval tiger salamanders, Ambystoma tigrinum (Kons Scientific Supply, Germantown, WI), were stored at 5°C under an 8: 16 hr light : dark cycle. For l-3 d prior to use, they were kept in a cool tank (1 O-l 3°C) with the same light cycle. After animals were decapitated and pithed, an eye was enucleated, its cornea and lens were removed, and the retina was pulled out. The other eye was enucleated and stored in bath solution in darkness at 5°C for later use. Isolated retinas were incubated at about 28°C for 15 min in 0.5 mg/ml papain (type IV, Sigma Chemical Co., St. Louis, MO) dissolved in standard bath solution. They were rinsed for several minutes in standard bath solution and triturated, and the resulting cell suspension was placed in 200-500 ml wells formed with Sylgard 182 (Dow Coming, Midland, MI) in 35 mm plastic Petri dishes or on glass slides. Recordings were made from both single and double cones. Throughout the course of each experiment, the cells were brightly illuminated by the 50 W microscope lamp supplied with about 6 V, which likely eliminated most current contributions from ion channels in the outer segment. Similar results were obtained from cones with and without outer segments. Solutions. The standard bath solution contained 90 mM NaCl, 2.5 mM KCl, 3 mM CaCl,, 8 mM glucose, and 10 mM HEPES, titrated to pH 7.4 with NaOH. To examine Ca channel activation, 10 or 20 mM BaCI, replaced 3 mM CaCl,, and 30 mM TEA Br replaced an equivalent amount of NaCl. The pH of each solution was measured before each experiment with a pH meter (Coming model 240) and adjusted with NaOH or HCl. Other solution changes are described in the text or figure cantions. All recordings described here were made with a whole-cell pipette solution containing 100 mM CsCl, 3.5 mM MgCl,, 1 mM EGTA, 1.5 mM Na,-ATP. and 10 mM HEPES. titrated to DH 7.2 with NaOH. ATP, EGTA, and'HEPES were obtainkd from Sigma (St. Louis, MO). Solutions were applied at room temperature (between 2 1°C and 25°C) by gravity-driven inflow via an eight-way valve and removal by a reversed aquarium air pump.
Whole-cell recording and analysis. Whole-cell pipettes were pulled from glass hematocrit tubes (Western Scientific, Richmond, BC) in two steps on a vertical pipette puller (Kopf model 730, Tujunga, CA), coated with Sylgard, and lightly fire polished. Filled with the CsCl pipette solution, they had tip resistances between 4 and 10 Mfi measured in the standard bath. The bath reference electrode consisted of a bath solution-filled agar bridge with an AgCl wire. Whole-cell voltage was clamped with an Axopatch 1-C (Axon Instruments, Burlington, CA) using pipette and whole-cell capacitance compensation to reduce capacitive artifacts as much as possible, but often without series resistance compensation feedback. For chloride current studies, the current signal was filtered at 500 Hz (-3 dB, four pole low-pass Bessel) and recorded and stored digitally at 1 kHz (12-bit resolution) with a BASIC-FASTJAB system (Indec Systems, Sunnyvale, CA) incorporating an 80 kHz LabMaster A/D board with opto-isolation and a 386 computer. For barium and calcium current recordings, the signal was filtered at 1 kHz and sampled at 2 kHz. BASIC-FASTLAB software also generated the voltage-clamp commands and provided programs for analysis (see below) and plotting of data. Several successive points were averaged together in some records where currents changed slowly in time to reduce storage requirements. For illustration, one to three points at the peak of each capacitance current transient have been removed from some records.
Pipette and bath electrode junction potentials were measured against high-resistance (50-200 Mfi) 3 M KC1 electrodes. Pipette potentials were about 2 mV for the CsCl pipette/NaCl bath combination and about 4 mV for the CsCl pipette/Ba-TEA bath combination. Reported voltages are uncorrected for these errors; however, most of the conclusions of this work are drawn from voltage shifts, not the voltages themselves.
Changes of bath pH had no effect on the junction potential at the bath electrode.
Curvefitting. Activation curves derived from Ba or Ca current-voltage (1-q relations or from Cl tail current charge-voltage (Q-V, relations are characterized by the midpoint and slope factor of the least squaresfitted Boltzmann relation, given by
where V is the membrane voltage, V,,,,, is the midpoint voltage, and m is the slope factor.
For I-V relations, the activation curve was derived by dividing the leak-subtracted I-V relation by the driving force (V -V,,) and normalizing. The treatment of Q-Vrelations was similar except that, since there is no reversal of Q (the integrated Cl-tail current), we first obtained a least-squares-fit line to the descending portion of the Q-V curve (e.g., the section beween +40 and +80 V in the curve made at pH 7.4 in Fig. 1B ) and then divided the Q-V relation by this line, generating an activation curve. This line represents the "driving force" and its x-axis intercept is analogous to the reversal potential of a regular Z-V relation.
Results
Results are presented in the following order: (1) introduction of cone ~cclcca, and its modulation by pH, (2) description of pH sensitivity of cone Ca channels, and (3) comparison of pH sensitivity of Zclcc., with that shown for Ca channels.
Ca-activated chloride current of cone photoreceptors
We first summarize several properties of Zclcca, and I,, in cone photoreceptors relevant to this study. As Figure 1A shows, small depolarizing test steps applied to an isolated cone may elicit inward currents, while larger test steps elicit outward currents. Inward tail currents first appear following the same voltage step during which inward current during the step was first elicited (in this cell, -30 mV). The magnitude and length of the slowly decaying inward tail currents gradually increase as the test step is made more positive and then decrease as the step potential exceeds +30 mV. This result is the same as that of a previous study in cones (Barnes and Hille, 1989) , which further demonstrated that the tail currents are carried by Cl-through channels activated by the influx of calcium that occurred during the depolarizing test step. We estimated the total Zclcc,, tail by integrating each tail current (neglecting the contribution of calcium tail current, which is very small in comparison). We did this because isochronal measurement of the magnitude of Zclcc., tails gave a limited view of tail current decay. Saturation of tail current magnitude often occurred at some potentials while the tail decay was still changing as a function of the prepulse potential (see Figs. 3A, 5A). In many cases, Lcca, decay time course continued to lengthen even though current magnitude had reached a maximum. Therefore, a plot of current magnitude against prepulse potential would saturate at a maximum over the same range of potentials where tail integral, containing information about both magnitude and time course, would continue to increase.
The resultant charge-voltage relation always looked somewhat like an inverted calcium current-voltage relation (Fig. 1B) . This shape is characteristic of Ca-activated currents in general, although the relation peaks and declines over a more positive voltage range than do typically measured calcium current-voltage relations. The integrals were all calculated from tails recorded at the same voltage, thereby eliminating possible voltage dependence of Zclcca, as the cause for this shift. Figure 1 C further suggests the calcium dependence of Z,,,,,. Cd2+ (100 FM), a potent blocker of cone Ca channels (Barnes and Hille, 1989) , reversibly inhibits the tail currents that follow step depolarizations.
Three additional, time-dependent features of I,, and I,,(,, are important to point out here, as failure to consider them may lead to misinterpretation of Z,-,cc., properties. First, repeated depolarizing steps cause tail currents to increase cumulatively or "build-up," as demonstrated in Figure 2A , where steps from -60 to -20 mV were applied every 3 sec. This presumably occurs as the result of a local [Cal, increase caused by reduced calcium buffering and/or diffusion as repeat episodes of calcium influx, diffusion, and sequestration saturate the available mechanisms for rapidly removing calcium from sites adjacent to the membrane.
Calcium currents do not build up and are therefore not responsible for the increase in ZCIcCa). Figure 2B shows a test of whether calcium currents cumulatively increase under these conditions. Here, the chloride equilibrium potential, E,,, is set near 0 mV because bath and pipette solutions contain nearly equal concentrations of Cl-. During each step to 0 mV, little chloride current flows, so a buildup of Z,,, if occurring, should be revealed. Little inward current change is seen during the -60 -40 -20 0 time (ms) time (ms) Figure 1 . Depolarization-evoked calcium-activated chloride tail currents at pH 7.40 in 3 mM Ca bath solution. A, A cone photoreceptor was held at -60 mV and depolarized every 10 set in steps lasting 120 msec, each incremented by 10 mV up to +80 mV. Large, long-lasting tail currents appear following the depolarizing steps to -20 mV and above. The tail currents following steps to + 10, +20, and +30 mV nearly superimpose, while the tails following steps to 0 and +40 mV share their time course, as do those following -10 and +50 mV. The cell's resting potential can be seen to be positive to -60 mV because the zero current level, indicated by the broken line, is positive to the holding current trace. The inset (reduced 15%) shows isolated tail current following step to +40 mV along with the holding current at -60 mV to establish a baseline. The area inside the traces was measured digitally by subtracting the integral of the +40 mV trace from that of the -60 mV trace and is plotted in B as the large solid symbol. B, Chloride charge-voltage relation obtained from integration of chloride tail currents by technique described in A. Units of electric charge on the vertical axis are picocoulombs (PC). The solid line connects the dots. C, Block by bath superfusion of 100 PM Cd2+ and recovery of tail current following step to 0 mV. These records include incompletely compensated capacitive artifacts. Details of the recording conditions are described in Materials and Methods.
repeated depolarizations, while the tail current following those steps grows substantially. The experiment further demonstrates the recovery of calcium current (measured during the step at 0 mV) and chloride tail current after both had been eliminated with Cd*+. Following removal of the Cd*+, which had blocked 65 pA of calcium current during the steps to 0 mV, calcium current slowly returns, but in advance of the recovery of tail current. The slower recovery of tail current suggests the existence of a [Cal, threshold that must be exceeded before significant tail currents develop. Current-voltage (or charge-voltage) relations generated by stepping the membrane to incremented potentials as done in Figure 1 will also be contaminated with buildup if the steps are spaced too closely. In the experiments that follow, measures have been taken to reduce the impact of buildup on tail current measurements. Spacing short depolarizing steps 10 set apart usually eliminated buildup, probably by allowing recovery of the cell's capability to buffer calcium influx between successive depolarizations. This protocol was followed in experiments in which buildup might lead to misinterpretation of the actions of pH by shifting the charge-voltage relation and increasing the peak current.
A second time-dependent change is the rundown of both calcium currents and chloride tail currents that occurs with the whole-cell patch technique. In spite of the inclusion of Mg*+ and ATP in the pipette solution, I,, and Zclcc,, rundown occurred typically over a period of lo-30 min as illustrated in Figure 2 , C and D. In some cases, a particularly large calcium influx, accompanied by large chloride tail currents, was followed by complete suppression of tail current availability. Tail current often recovered in minutes following such episodes, but was reduced in amplitude and time course (not shown).
Finally, channel activation curves undergo a slow shift toward more negative potentials, a well-documented dialysis-related event. Such a shift of Z c,(caj activation to more negative potentials is shown in Figure 2C . Here, a 14 mV negative shift occurred over a 25 min time span. Figure 20 shows the shift in the midpoint of Ca channel activation in a cell from which barium current-voltage relations were obtained for 26 min. The activation curve, derived from the current-voltage relation recorded 2 min after breakthrough, was well fit by a Boltzmann function with a midpoint of -19 mV, while 24 min later this value had shifted to -37 mV. In the following experiments in which the bath pH has been changed, we have minimized the effect of this shift by always bracketing measurement of current-voltage relations obtained in a test pH with current-voltage relations made at pH 7.4. Usually, the two bracketing measurements yielded nearly the same values for activation midpoint and peak current, but if they differed by 2 mV or more, the experiment was not included in this analysis. Bath pH changes strongly modulate the chloride current tail Our first measure of the pH dependence of the chloride tail current simply involved voltage clamping the membrane to -40 mV, a value near the photoreceptor's normal dark resting potential, and briefly depolarizing to -20 or -10 mV to activate Ca channels. This typically generated a distinctive chloride tail current on repolarization to the holding potential that long outlived the faster decay of calcium current. Several such depolarizations, performed in bath solutions in which the pH was varied, are shown in Figure 3A . Following the decay of incompletely compensated capacitive artifacts, chloride tail current is seen at pH 7.4 and 7.75, but not at pH 6.92. We isochronally measured the magnitude of chloride tail current in the different pH solutions to avoid contamination with calcium tail currents and capacitive currents. In other studies of cone photoreceptors as well as in the present work (see Figure 5A) , it has been shown that calcium currents deactivate entirely within 10 msec following repolarization (Maricq and Korenbrot, 1988; Barnes and Hille, 1989) . Figure 3B shows an analysis performed on a cone as the pH was switched from 7.4 to 7.18,6.92, and 7.75. Values calculated by subtracting tail current from prepulse current show the decrease of chloride tail current in low pH and its pronounced increase in high pH. In fact, near pH 7.75 the chloride tail current at -40 mV typically became sustained following the step depolarization.
The results from six cells are compiled in Figure 3C . These data are all from cells held at -40 mV and stepped to -10 or -20 mV while being bathed in solutions of different pH. Over the range of pH 6.6-8.2, a striking increase in tail current amplitude is seen. Since these measurements were made isochronally during the decay of tail current, much of the apparent increase is due to their slower decay, and not to an increase in their peak magnitude, which in some cases became saturated.
Ca channel activation midpoint is shifted by pH We focus in this article on the notion that pH-induced shifts in the Ca channel activation midpoint underlie the pH sensitivity of L,,,. Here, we establish the pH sensitivity of the Ca channels since we will use this information to direct our later comparison with shifts in Zclcca, activation.
Voltage-dependent activation of Ca channels of cone photoreceptors, like the Ca channels in many other cell types, is strongly affected by external pH, as Figure 4 shows. A sample of currents evoked by depolarizing steps at one pH value (7.40) and a summary of Z-V relations for another cell made from currents recorded at four different pH values are shown in Figure  4 , A and B. Inward current is elicited at more negative potentials, and has a larger peak, in the bathing solution that is more basic than the pH 7.4 control ( Figure 4B ). At more acidic pH values, inward currents are elicited only at more positive potentials and their peak magnitudes are smaller. For none of the Z-l' curves is the reversal potential near + 50 mV much changed. This result suggests that external pH influences the channel's gating mechanism and/or the local electric field acting upon it, leaving the reversal potential of current through the channel, determined by concentration gradients of permeant ions, unaltered.
The use of high concentrations of BaZ+ (10 and 20 mM) to enhance current flow in Ca channels has itself been shown to At pH 6.92 (top), tail currents were absent, while at pH 7.75 (bottom), tail current activated by the step to -20 mV failed to decay after repolarization to -40 mV. Capacitive currents were only partially compensated in this experiment. B, Bracketing of pH changes for tail current normalization at pH 7.4. Duration of exposure to each pH is shown by the boxes at the bottom (same cell and voltage protocol as in A). Plots of tail currents measured isochronally 20 msec following steps from -20 to -40 mV every 9 set (triangles), current before each step at -40 mV (open squares), and difference currents (solid squares) are shown. Difference currents were generated by subtracting the tail current from the prepulse (-40 mV) current; however, at pH 7.75, where prepulse current became equal to tail current (the tail failed to decay), we used the average value of prep&e current measured just before the pH change in the subtraction. Recovery from pH 7.75 was incomplete. C, Summary of pa-induced tail current modulation in 3 mM Ca bath solution, normalized to tail current in pH 7.40. Each test pH was bracketed with exposures to pH 7.40 as shown in B to minimize the effects of current rundown. Results from six cones shown with different symbols. Measurements from the cell illustrated in A and B are plotted here as squares.
shift channel activation for Ca (and other) channels positively along the voltage axis (Ohmori and Yoshii, 1977; Kostyuk et al., 1982; reviewed by Hille, 1984) . In our experiments the control activation curve obtained in 20 mM Ba2+ at pH 7.40 is probably shifted about 10 mV in the positive direction relative to a calcium activation curve made at 3 mM Ca*+ (not shown). We are interested in relative shifts, however, and so after fitting each activation curve with a Boltzmann function, we plot the shift in the fit's midpoint relative to that obtained in pH 7.40 in Figure 4C . Over the range from pH 6.2 to 8.2, the midpoints undergo an 18 mV shift. We also summarize the changes in peak current accompanying the shifts seen in different pH values in Figure 40 . The changes in peak current are expressed relative to the peak current seen in pH 7.40, which has been normalized. Over the range tested, the peak current changes threefold.
In both graphs (Fig. 4C,D) , equations have been fit to the data. Both data sets were fit with lines (solid) as described in the figure caption, so that comparisons of slope could be made with analogous shifts in Zclcca, (see below). The midpoint shifts in Figure 4C have also been fit with a polynomial (broken curve), which gives only a slightly better fit to the data over this voltage range.
Chloride current pH sensitivity We now return to pH-induced changes of Zc,(c+ measured with improved stimulus paradigms that facilitate comparison with pH-induced changes of I,,. Integrated tail current-prepulse voltage relations, like the one shown in Figure lB , were examined with cells held at -60 mV and bathed in solutions of different pH. Examples of currents measured under these conditions are shown in Figure 5A . These differ significantly from the currents measured at holding potentials of -40 mV (Fig. 3A) in that the tail current never becomes sustained at high pH and even a small tail can be evoked in low pH baths if the depolarizing step is made positive enough. In Figure 5B we plot chargevoltage relations derived from these data by integrating the tail currents. We use integrated tail currents, not peak currents, for this analysis because information about Zclcca, is contained in both the magnitude and the duration of the tails. According to our simplifying assumptions, the magnitude and duration of chloride tail current reflect [Cal,, which has been increased during the step and is now decreasing during the decay of tail current.
Saturation of the tail current magnitude occurs in some cases, especially immediately following large calcium influxes. For example, in Figure 2A our subtraction shows that as the presumed [Cal, buildup occurs and the tails get longer, the peak tail current immediately after the step saturates (the magnitude of the subtracted trace is smaller immediately following the voltage step). Saturation of the tail current might occur as the number of Cl channels activated approaches the total number of channels available. Since this occurs only around the peak of the Q-V relation, we expect to underestimate the peak &V value and to fit a Boltzmann function to the activation curve derived from the Q-V relation whose midpoint would be more negative than if saturation had not occurred.
Notwithstanding these inadequacies, the chloride Q-V relations were treated as if they were Z-V relations to obtain Boltzmann fits, described in Materials and Methods. Summaries of the pH-induced shift in the Boltzmann-fit midpoints and peak Q,, values are presented in Figure 5 , C and D. These data sets were fit with lines, the slopes of which are given in the figure caption. In both cases considerable scatter resulted in large SEs for the best fit lines. The trend in the direction of both the peak and midpoint shifts with changes of pH parallels the modifications seen in Ca channels (Fig. 4) .
Discussion
We have examined effects of external pH on I,, and Zclcca, in cone photoreceptors. As seen in the classical description of external pH actions on muscle chloride conductance (Hutter and Warner, 1967) , we found chloride current to be strongly pH sensitive, becoming larger with increasing pH. However, the increase in chloride conductance that we saw was due to a lengthening of the time course of chloride tail current decays rather than an increase in their magnitude. This observation led us to focus on underlying changes in [Cal, resulting from pH-modified activation and permeation of Ca channels.
The characteristic slow chloride tail current decays seen following calcium influx associated with step depolarizations presumably result as submembrane [Cal, is reduced by cellular buffering mechanisms, extrusion and diffusion. In many of the cells in which Zocc., has been studied, prolonged depolarization or rapidly repeated depolarizations lead to slower tail current decays, indicating the link between Cl channel activation and [Cal,, which may be markedly increased by these voltage-clamp paradigms. Here, in cones, we provide evidence that the time course of tail current decay depends on Ca*+ influx and consequently on [Cal, (Fig. 2) and we describe increases in tail current decay kinetics brought about by alkylinization of the bathing solution (Figs. 3, 5 ). Calcium currents become larger under these conditions (Fig. 4) , supporting the possibility that the enhancement of tail currents occurs as a result of an increase in [Cal,. Figure 5 . Analysis of pH-induced shifts in chloride tail currents measured in 3 mM Ca bath solution. A, Representative current traces recorded at pH 7.00, 7.40, and 7.8 1. The cone was held at -60 mV and depolarized for 120 msec in 10 incrementing steps every 10 set in each pH. B, Representative integrals of the chloride tail currents. The integrals were calculated by the method described in Figure 1 . The solid lines are Boltzmann functions (from activation curve fits) multiplied by the "driving force" originally used to generate the activation curves (see Materials and Methods). C, Summary of shift in midpoint of Boltzmann functions fitted to chloride channel activation curves (derived from Q-V relations from four cells). The solid line is a best fit to these data determined by a least-squares method and has a slope of -11.5 mV/pH unit. D, Summary of shift in maximum value of chloride current integral from the same cells as in C. Measurements at different pH values in each cell were normalized to the value at pH 7.4 in that cell. Least-squares fit line has slope of 2.25(pH unit)-'.
Chloride current modulation by pH Cytoplasmic [Cal might be induced to increase or decrease by several mechanisms as the external pH is changed. One way to increase [Cal,, focused upon in this report, is to increase loading of the cell by increasing calcium current flow. Other mechanisms might include (1) impairing calcium extrusion by Na-Ca exchange, (2) modifying Ca2+ control of Ca2+ stores (requiring rapid internal pH changes), or (3) reducing EGTA Ca2+ buffering. None of these other possibilities is likely to be occurring here, however. Na-Ca exchange would have been inhibited by the 100 mM Cs+ used here internally (Schnetkamp et al., 1991) , and the extracellular pH of HEPES-buffered media influences intracellular pH slowly (Curtin, 1986) and, with 10 mM internal HEPES, as used in our experiments, weakly (Krafte and Kass, 1988) . Also, the ability of EGTA to buffer Ca2+ is reduced by decreasing pH (Caldwell, 1969) , opposite to the reduction in Ca-activated tail current seen here with decreasing pH.
There could be direct effects of pH on the Cl channel. For example, hydroxyl ions might block the channel by competing with Cll ions for binding sites, as may occur in oocytes where Z c,(caj is inhibited in solutions of pH 8 or higher (Parker et al., 1985; Houamed, 1988) . However, the highest pH we tested was 8.2, and we saw increased, not smaller, tail currents. An interaction of HEPES itself with the Cl channel cannot be ruled out, as this pH buffer may inhibit Drosophila Cl channels at pH 7.0 (Yamamoto and Suzuki, 1987) .
Since the most striking features of pH-induced modulation of zacca, are temporal, we have focused on Cl channel-gating changes rather than permeation changes. In addition to changes in [Cal, that most probably underlie the increased tail current time course, pH could alter the interaction between the Cl chan-nel and activating Ca2+ ions. Channel open times could be prolonged if high pH increased the binding affinity of the channel for Ca2+ via a transmembrane mechanism, resulting in slower decay of macroscopic current.
Modijication by pH of Ca channel activation and permeation
In more acidic solutions, the membrane potential step to -20 mV would activate very little I,, and, subsequently, little Zclcc.,. Under more basic conditions, even holding the membrane at -40 mV would activate significant I,-, and, as this potential was maintained and Ca channels did not inactivate, shortly lead to large increases in [Cal, that would give large, sustained chloride The most direct way to alter [Cal,, and one consistent with our findings, is to alter calcium currents. We have extended to cones the previous results from other cell types of strong pH-induced changes in Ca channel activation and permeation (Ohmori and Yoshii, 1977; Iijima et al., 1986; Krafte and Kass, 1988; Prod'hom et al., 1989) . Generally, shifts in the activation midpoint are accounted for by external pH-induced changes in gating parameters of Ca channels, adequately described by considering changes of membrane surface potential caused by proton binding on the membrane surface, and interactions with the Ca channel protein that affect the channel voltage sensor (Ohmori and Yoshii, 1977; Iijima et al., 1986; Krafte and Kass, 1988) . Permeation through Ca channels is also affected by external pH, again described by interactions between protons and the membrane and the channel protein that effectively reduce [Cal at the surface ofthe membrane and near the mouth ofthe pore (Ohmori and Yoshii, 1977; Iijima et al., 1986) or that involve block of the Ca channel by protons (Hess et al., 1986; Krafte and Kass, 1988; Prod'hom et al., 1989) . Our results are quantitatively similar to those described for L-type channels in rat cardiac "tail" currents. This interpretation qualitatively accounts for pH modulation of Zclcc.,.
Physiological consequences of pH-induced Ca channel changes Zclcc., in neurons generally is considered to have a role in stabilizing membrane potential and has been shown to underlie Ca action potential repolarization in cones (Maricq and Korenbrot, 1988) . In cone photoreceptor function, Zclcc., may also have a significant role in mediating the effects of synaptic feedback from horizontal cells (Baylor et al., 197 I) , which could underlie inhibitory lateral interactions (O'Bryan, 1973; Lasansky, 1981; Burkhardt et al., 1988) . Thus, modulation of Zcltca, by pH may play a role in cone function, but underlying the pH dependence of Zclcc., are changes in the properties of Ca channels that could be more significant. In this section we examine other consequences of pH-induced changes of calcium channel properties.
Suggestions that photoreceptors release transmitter via both calcium-dependent and calcium-independent mechanisms (Miller and Schwartz, 1983; Schwartz, 1986 Schwartz, , 1987 seemed to provide a solution to the apparent mismatch between the phoventricular cells (Krafte and Kass, 1988) . (Oakley and Wen, 1989) . Our results would suggest that at pH 7.0 there would be little overlap between the Ca channel activation range and the normal operating range of photoreceptors, whereas at pH 7.8, Ca channel activity would be much more strongly modulated by membrane potential within the normal photoreceptor operating range.
If the pH surrounding the photoreceptors (or any cells) were to change, Ca channel activity could be changed as well, and this might lead, for example, to dynamic modulation of calciumdependent transmitter release. External pH changes, on the order of 0.01 to 0.03 pH units, have been shown to occur in the retina with prolonged illumination (Borgula et al., 1989) , but our results indicate that this minor alkylinization of the subretinal space would alter Ca channel activation in a negligible manner. Larger pH changes accompanying pathophysiological conditions such as hypoxia could have strong effects on calciumdependent functions in neurons and other cells.
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